Imaging reporter gene expression in living subjects is a rapidly evolving area of molecular imaging research. Studies have validated the use of reporter genes with positron emission tomography (PET), single photon emission computed tomography (SPECT), MRI, fluorescence with wild-type and mutants of green fluorescent protein, as well as bioluminescence using Firefly luciferase enzyme͞protein (FL). In the current study, we validate for the first time the ability to image bioluminescence from Renilla luciferase enzyme͞protein (RL) by injecting the substrate coelenterazine in living mice. A highly sensitive cooled charge-coupled device camera provides images within a few minutes of photon counting. Cells, transiently expressing the Rluc were imaged while located in the peritoneum, s.c. layer, as well as in the liver and lungs of living mice tail-vein injected with coelenterazine. Furthermore, D-luciferin (a substrate for FL) does not serve as a substrate for RL, and coelenterazine does not serve as a substrate for FL either in cell culture or in living mice. We also show that both Rluc and Fluc expression can be imaged in the same living mouse and that the kinetics of light production are distinct. The approaches validated will have direct applications to various studies where two molecular events need to be tracked, including cell trafficking of two cell populations, two gene therapy vectors, and indirect monitoring of two endogenous genes through the use of two reporter genes.
R
epetitive monitoring of reporter gene expression in intact living animals is crucial for many applications, including cell trafficking, gene therapy studies, and transgenic models (1) . Noninvasive, real-time analysis of molecular events in intact living mammals is an active area of current research (1, 2) . Several imaging technologies and new reporter genes are being studied for noninvasive imaging and quantitation of gene expression in living subjects. Some of the imaging modalities and established reporter genes include SPECT using Herpes Simplex Virus Type I thymidine kinase HSV1-tk, Somatostatin Type 2 receptor, and Sodium͞Iodide Symporter as reporter genes. PET using HSV1-tk and Dopamine Type 2 Receptor as reporter genes, MRI with various reporter genes, and optical imaging approaches with fluorescence and bioluminescent reporter genes have also been studied. A detailed review of reporter gene approaches for use in living subjects can be found elsewhere (1) . For many applications, it would be very useful to have multiple reporter genes. Separate reporter genes can be used with different modalities (e.g., PET, MRI), but would lack convenience and highthroughput, and images would be more difficult to coregister and quantitate.
Reporter genes with optical signatures (e.g., fluorescent and bioluminescent) are a low-cost alternative for real-time analysis of gene expression in small animal models. In fluorescent approaches [e.g., green fluorescent protein (GFP)], an external source of light is required for excitation of the protein. In contrast, bioluminescent reporter proteins can produce light by using appropriate substrates. Recently, several technical advances in developing highly sensitive detection devices have led to the biological use of cooled charge-coupled device (CCD) cameras capable of imaging very low levels of visible light emitted from internal body organs of rodents (3) (4) (5) (6) (7) .
''Luciferase'' is a family of photo-proteins that can be isolated from a large variety of insects, marine organisms, and prokaryotes (8) . Luciferase proteins catalyzing the light-emitting reactions of firefly, coelenterates, or bacteria show no nucleotide homology to each other. The substrates ''luciferin'' of these reactions are also chemically unrelated (9) . However, all these bioluminescent reactions are exergonic in nature, where molecular oxygen reacts with ''luciferase'' and ''luciferin,'' resulting in formation of a luciferase bound peroxy-luciferin intermediate, which releases photons of visible light (Ϸ50 kcal) (9) . The emission spectra ranges between 400 nm and 620 nm (8) .
To date, Firefly luciferase enzyme͞protein (FL) (4, 7), bacterial luciferase (10) , and green fluorescent protein (11) are the three major reporter proteins that have been used for optical reporter gene imaging studies in living rodents. Cells tagged with green fluorescent protein have been used for tracking metastasis (12) and angiogenesis (13, 14) in living rodents. green fluorescent proteinexpressing bacteria have been used to study the behavior of spatial migration and infection process in mice (15) . In recent years, considerable work with noninvasive imaging of FL has also been carried out (3, 7) . Fluc used as a reporter gene for tumor cell growth and metastasis (16) , studies of vector mediated gene delivery and expression (5, 7) and bacterial luciferase, used in the study of infection (10) , is well documented. The use of bacterial luciferase has been limited to bacteria that express the reporter gene and also produce substrate, in contrast to Fluc that has been expressed in living rodents with exogenous administration of D-luciferin. In the present investigation, we have explored the potential of a second bioluminescent reporter gene, Rluc, for use in mammalian systems, in addition to the previously validated Fluc isolated from Photinus pyralis. Renilla luciferase enzyme͞protein (RL), purified from sea pansy (Renilla reniformis), is a bioluminescent soft coral that displays blue-green bioluminescence upon mechanical stimulation. It is also widely distributed among coelenterates, fishes, squids, and shrimps (8) . It has been cloned and sequenced by Lorenz et al. (17) and used as a marker of gene expression in bacteria, yeast, plant, and mammalian cells (18) . The enzyme RL catalyzes coelenterazine oxidation leading to bioluminescence. Coelenterazine consists of an imidazolopyrazine structure {2-(phydroxybenzyl)-6-(p-hydroxyphenyl)-8-benzylimidazo [1,2-a]pyrazin-3-(7H)-one} that releases blue light across a broad range, peaking at 480 nm upon oxidation by RL in vitro (19) .
Earlier reports indicate RL to be distinct from FL in terms of its origin, enzyme structure, and substrate requirements (20) . Rluc and Fluc have also been commonly used in cell culture with commercial substrate kits (e.g., Dual-Luciferase Reporter Assay System from Promega) to monitor expression of both reporter genes. We therefore hypothesized that it would be possible to image Rluc expression in living mice and also to image both Fluc and Rluc expression in the same living mouse. This study demonstrates the use of Rluc as an in vivo reporter gene and also validates imaging two bioluminescent reporter genes in the same living animal.
Materials and Methods
Cell Lines, Culture Conditions, and Transfection Procedures. C6 rat glioma cells were maintained in glucose-deficient Minimum Eagle's Medium (MEM) supplemented with 1% penicillin-streptomycin, 1% L-glutamine, and 5% FCS. HeLa (human cervical carcinoma) cells, N2a (mouse neuroblastoma) cells, and 293 (human kidney) cells were maintained in DMEM supplemented with 1% penicillinstreptomycin and 10% FCS, whereas human prostrate adenocarcinoma, PC-3 cells were maintained in RPMI medium 1640 supplemented with 1% antibiotics and 5% FCS.
For assessment of Rluc expression in various cell types, each cell type described above was plated in 12-well plates (Costar) and transfected with pCMV-Rluc plasmid (Promega), using SuperFect Transfection Reagent (Qiagen). Mock-transfected cells were used as control. Cells were lysed in lysis buffer 48 h post transfection, and biochemical studies were carried out using a luminometer as described later.
For additional cell culture studies, C6 cells were plated in 12-well plates and transiently transfected with either pCMV-Fluc (provided by C. H. Contag, Stanford University, Stanford, CA) or pCMVRluc plasmid, or mock transfected using SuperFect Transfection Reagent. These C6 cells transiently expressing Fluc and Rluc are referred to as C6-Fluc and C6-Rluc, respectively. Bioluminescent signals from intact cells were detected directly by a cooled CCD camera. C6 cells were also grown in 100-mm plates (Costar), and transfected with pCMV-Rluc under similar conditions. They were collected by trypsinization 48 h post transfection, washed with PBS, counted, and 1 ϫ 10 6 cells (in 100 l PBS) were used for in vivo studies described later.
Preparation of Coelenterazine and D-luciferin. Coelenterazine (also known as ''native coelenterazine''), a substrate for RL, was purchased from Biotium (Hayward, CA). The compound (2 mg͞ml) was dissolved in methanol. Further dilutions were made in 50 mM sodium phosphate buffer (SPB), pH 7. D-luciferin Firefly potassium salt, the substrate for FL, was purchased from Xenogen (Alameda, CA). A 30-mg͞ml stock in PBS was filtered through 0.22-m filters before use.
Luminometer Measurements. All bioluminescent assays were performed in a TD 20͞20 luminometer (Turner Designs, Sunnyvale, CA). Twenty microliters of crude and clarified cell lysates obtained from C6-Rluc cells and mock-transfected C6 control cells were mixed with 100 l of coelenterazine solution (50 g͞ml) prepared in SPB, pH 7.0. The reaction was measured over 10 min, every 10 s in the luminometer. The protein content of the cell lysates were determined with Bio-Rad protein assay system (Bio-Rad) in a Beckman DU-50 spectrophotometer (Beckman Instruments) and the luminescence results reported as relative light units (RLU) per milligram of protein.
Coelenterazine Dose Studies in Vitro. Twenty microliters of C6-Rluc and mock-transfected C6 control cell lysates were mixed with 100 l of coelenterazine prepared at various concentrations (0.1, 1.0, 10, 50, 100, and 200 g͞ml in SPB) and the dose-dependent RLU were recorded using a luminometer for 10 s. The lysates were collected from three separate wells for each dose and the bioluminescence was normalized to protein content.
Crossreactivity Studies in Cell Culture. To check the crossreactivity of RL with D-luciferin and FL with coelenterazine, C6-Fluc, and C6-Rluc cells were treated with each substrate and analyzed directly by using the cooled CCD camera. Two 12-well plates, one plated with C6-Fluc and the other with C6-Rluc, were prepared. In each plate, to one row of three wells, 2 g͞ml of coelenterazine, and to the second row 150 g͞ml of D-luciferin was added. The last row consisted of mock-transfected control C6 cells. The substrates were diluted in culture media. The plates were placed in the CCD imaging system (see next paragraph) and the images acquired for 1 min. The cells were lysed with lysis buffer and protein content from each well was determined. Results are reported as bioluminescence normalized to protein content.
Imaging and Quantification of Bioluminescence Data. The in vivo
Imaging System (IVIS, Xenogen), consisting of a cooled CCD camera mounted on a light-tight specimen chamber (dark box), a camera controller, a camera cooling system, and a Windows computer system, was used for data acquisition and analysis (7) . Each 12-well plate sample or supine mouse was placed in the specimen chamber mounted with the CCD camera cooled to Ϫ120°C, with a field of view (FOV) set at 25 cm above the sample shelf. The photon emission, transmitted from cell samples and mice was measured. The gray scale photographic images and bioluminescence color images were superimposed using the LIVINGIMAGE V. 2.11 software overlay (Xenogen) and IGOR image analysis software (V. 4.02 A, WaveMetrics, Lake Oswego, OR). A region of interest (ROI) was manually selected over the signal intensity. The area of the ROI was kept constant and the intensity was recorded as maximum [photons⅐s Ϫ1 ⅐cm Ϫ2 ⅐sr
Ϫ1
(steradian)] within a ROI.
Imaging RL Bioluminescence in Various Tissues. All animal handling was performed in accordance with University of California, Los Angeles, and Animal Research Committee guidelines. Three sets of CD-1 mice, 4 weeks old (Ϸ30 g; Charles River Breeding Laboratories) in duplicates, were anesthetized by i.p. injection of Ϸ40 l of a ketamine and xylazine (4:1) solutions. To check for background signal from animals not expressing Rluc, one set of mice was tail-vein injected with 0.7 mg͞kg body weight of coelenterazine. Of the two other sets, the first mouse set was injected with C6-Rluc cells (1 ϫ 10 6 cells in 100 l of PBS) directly into the peritoneal cavity and the second set had the same number of cells injected via tail-vein. One hundred micro liters of 0.36 mg͞kg body weight of coelenterazine was injected immediately via tail-vein to observe the bioluminescence from the peritoneum. A higher dose of 2.8 mg͞kg body weight of coelenterazine was injected after 90 min of cell injection to the second set, to obtain sufficient bioluminescence from deep tissues such as the liver and lung. A whole-body image was acquired using the cooled CCD camera.
Effects of Coelenterazine Dose in Mouse Studies.
A group of 4-weekold CD-1 mice were anesthetized followed by s.c. implantation of C6-Rluc cells (1 ϫ 10 6 cells in 100 l of PBS) in the left forearm region and C6 (control cells) in the right thigh region. Different doses of coelenterazine (0.07, 0.36, 0.7, 1.4, 2.1, 2.8, and 3.5 mg͞kg body weight) were injected via tail-vein in duplicate mice. Bioluminescence was measured from both C6 control and C6-Rluc sites over a 10-min time period by using ten 1-min acquisition scans.
Substrate Crossreactivity Studies and Comparison of Fluc and Rluc
Expression in Living Mice. Four sets of anesthetized mice (three mice in each set) were injected at three sites with C6-Rluc in the left forearm, C6-Fluc in the right forearm, and C6 control cells at the right thigh region. To the first set, 100 l of coelenterazine (0.7 mg͞kg body weight) was injected via tail-vein and the mice were scanned with fifteen 1-min scans using the cooled CCD camera. To the second set, 100 l of D-luciferin (150 mg͞kg body weight) was injected via tail-vein and scanned with fifteen 1-min scans. To the third set, a mouse with implanted C6 cells was first injected with 100 l of coelenterazine solution (0.7 mg͞kg body weight) via tail-vein and bioluminescence was recorded using the cooled CCD camera with a 1-min acquisition time. After 3 h, 100 l of D-luciferin solution (150 mg͞kg body weight) was injected again, via tail-vein to the same mouse and an image obtained for 1 min. One mouse in each set was also imaged again by injecting each substrate i.p. instead of via tail-vein.
To study the kinetics of light production from FL and RL in vivo, 200 l of a mixture of D-luciferin (150 mg͞kg body weight) and coelenterazine (0.7 mg͞kg body weight; 1:1) was injected via tail-vein to the fourth set of mice. Bioluminescence was measured using ten 1-min acquisition scans.
Results

Different Cell Lines Can Be Successfully Transfected with the pCMV-
Rluc Plasmid. Cell lines from different tissue origins (C6, HeLa, N2a, 293, PC-3) were transiently transfected with the pCMVRluc plasmid to check the expression of Rluc. All cell lines shows significantly higher (P Ͻ 0.05) levels of gene expression compared with the mock-transfected control cells as assessed by the luminometer by using triplicate samples (data not shown). Successful transfection in different cell lines indicates that Rluc can be expressed in different tissues.
Coelenterazine Induces Flash Kinetics Within the First 10 s in C6-Rluc
Cell Lysates, Which Rapidly Decays with Time. We first determined the time kinetics of light production from RL with the substrate coelenterazine. Cell lysates from transiently transfected C6-Rluc cells were mixed with 50 g͞ml of coelenterazine and the bioluminescent emission was recorded in the luminometer. The light intensity is highest within the first 10 s of the reaction and drops significantly over the course of the next 10 min (Fig. 1) . Mock-transfected control C6 cells show a negligible bioluminescence (0.96 ϫ 10 3 Ϯ 0.14 ϫ 10 2 RLU͞mg).
Bioluminescence from C6-Rluc Cell Lysates Increases with Higher
Doses of Coelenterazine. To determine the effects of coelenterazine dose on light yield, a study with coelenterazine and C6-Rluc cell lysates was performed using the luminometer. Coelenterazine, as low as 0.1 g͞ml is able to produce detectable light with cell lysates (Fig. 2) . An approximately linear relationship between the doses of coelenterazine (0.1-10 g͞ml) and signal intensity is observed. The peak signal is found with 50 g͞ml of coelenterazine within the first 10 s of reaction. With increasing doses (Ͼ50 g͞ml), there is a significant decrease in the signal that is probably due to absorption of light in the buffer that becomes yellow in color with higher concentration of coelenterazine (data not shown). The optimum dose of coelenterazine for further in vitro studies was chosen to be 50 g͞ml. ). To further check whether bioluminescence could be detected from various tissues, we injected 1.0 ϫ 10 6 C6-Rluc cells suspended in 100 l of PBS via tail-vein (for cell trafficking to liver and lungs) and into the peritoneal cavity in separate sets of animals. The bioluminescent signal is detected from the thorax region when coelenterazine is tail-vein injected 90 min after cell injection (Fig. 4A) . Earlier imaging showed cells initially trafficking to liver region (data not shown). The signal increases with time (peaking at Ϸ5 min) and subsides within 7-10 min after injection of coelenterazine. Sacrifice of mice and luminometer assessment of tissue homogenates reveled that more signal was present in the right vs. left lung (data not shown). Bioluminescent signal is also detected from cells in the peritoneum after tail-vein injection of coelenterazine (Fig. 4B) . The peak signal was seen Ϸ3 min after injection of coelenterazine and retained for Ϸ10-12 min. C6-Rluc cells implanted s.c. show a peak signal at Ϸ1 min after tail-vein injection of coelenterazine (described later). These results were consistent across two different mice.
RL Signal Enhances with Increasing Coelenterazine Dose in Living
Mice. C6-Rluc cells (1 ϫ 10 6 cells in 100 l PBS) were s.c. implanted into the left shoulder of a mouse while the mocktransfected C6 cells were implanted in the right thigh. When the ). There is a progressive increase in the bioluminescence from the implanted cells with increasing coelenterazine dose from 0.07-3.5 mg͞kg body weight (Fig. 5) . The duration of bioluminescence also increases with the dose of substrate (data not shown). We kept the dose in the range of 0.36-0.7 mg͞kg body weight in further studies to minimize costs.
There Is Minimal Signal from C6-Rluc and C6-Fluc Cells Implanted Subcutaneously in Mice upon Tail-Vein Injection of D-luciferin and
Coelenterazine, Respectively. To check for any crossreactivity between the two proteins and substrates in vivo we implanted C6 control, C6-Rluc, and C6-Fluc cells at right thigh, left forearm, and right forearm, respectively, and tail-vein injected coelenterazine followed later by D-luciferin. We observe a significant level of bioluminescence only from the C6-Fluc implanted site when D-luciferin is injected (Fig. 6 , mouse I, site A) and background signal from C6-Rluc and control cell sites (Fig. 6 , mouse I, sites B and C). Bioluminescence is seen only from the C6-Rluc site when coelenterazine is injected (Fig. 6 , mouse II, site B). There is no sign of any crossreactivity up to 15 min of repetitive scanning. We also injected each substrate into the same mouse, 3 h apart, giving sufficient time for the first signal from coelenterazine to dissipate completely, followed by Dluciferin injection, and also found a lack of crossreactivity (data not shown). These results are consistent across three different mice. Similar results are obtained when mice had substrates injected i.p., except that there is a delay in the time to peak bioluminescent signal (data not shown).
Bioluminescence in Living Mice Implanted with C6-Rluc and C6-Fluc
Shows Distinct Kinetics from Each of the Two Reporter Proteins. As shown above, RL and FL do not crossreact with each of their respective substrates in vitro or in vivo. Therefore to determine the kinetics of light production when both substrates are injected simultaneously, a mixture of D-luciferin and coelenterazine was injected via tail-vein into the same mouse implanted with both C6-Rluc and C6-Fluc at two s.c. forearm sites and control C6 cells at the thigh region (Fig. 7) . It should be noted that the amount of coelenterazine injected is very low (0.7 mg͞kg body weight) compared with D-luciferin (150 mg͞kg body weight). The C6-Rluc implanted site (left forearm) shows a quick peak in the signal within 1 min, which consistently decreases over the 10-min period. On the other hand, the C6-Fluc site (right forearm) shows a progressive increase of the signal until Ϸ3-4 min after tail-vein injection, followed by a progressive decrease in the signal. There is strong bioluminescence from C6-Fluc site even at 10 min after injection of both substrates. There is a clear distinction in the pattern of light kinetics with each reporter maintaining its individual characteristics. The control site shows background level of signal. The results are consistent across three different mice.
Discussion
In the current study we show that Rluc can be used in living mice by measuring light from RL bioluminescence in a cooled CCD camera after mice are tail-vein or i.p. injected with coelenterazine. We initially showed that Rluc can be transiently transfected into a variety of cell types consistent with the literature in which Rluc has been used in numerous different types of cell culture experiments. We showed that the kinetics of light production from cell culture lysates are rapid, with a quick peak in the initial 10 s followed by a rapid decline over 10 min. We show that the peak signal can be increased up to a limit with increasing coelenterazine dose and then decreases. This decrease was unexpected but is thought to be due to color changes in the buffer, which probably lead to greater absorption of bioluminescent light. There is no significant bioluminescence when cells in culture transiently expressing Rluc are exposed to D-luciferin or when cells transiently expressing Fluc are exposed to coelenterazine. These in vitro and cell culture data support the unique characteristics of Rluc and also provide a basis for using both Rluc and Fluc in the same living animal due to the lack of significant crossreactivity of RL and FL for their respective substrates.
The results in living mice show the ability to image C6-Rluc cells implanted in the liver, lungs, peritoneum, and s.c. regions. The ability to image cells in deeper tissue was achieved by injecting cells via the tail-vein and letting them naturally traffic to the lungs via the liver as we and others have previously reported. We find that higher doses of coelenterazine injected via tail-vein have to be used to detect C6-Rluc cells from deeper tissues as compared with superficial tissues. This result is likely due to less transmitted light from deeper tissues and formal quantitative relationships between depth and light transmission will help to better characterize this in future studies. Although most of the bioluminescent light is likely to be scattered and absorbed, enough escapes from the animal to be detected by the highly sensitive cooled CCD camera. The results show that bioluminescence can also be produced while injecting coelenterazine i.p., although the kinetics of light production from nonperitoneal sites are slower. This observation is probably due to a slower transit time for coelenterazine to get into the blood from the peritoneal space. The kinetics of light production from regions containing C6-Rluc cells depends on the route of coelenterazine injection as well as on the specific site of the cells. Increasing the dose of tail-vein injected coelenterazine in mice s.c. implanted with C6-Rluc cells shows an increase in the CCD measured light. Studies to compare the sensitivity in terms of photon yield͞concentration of bioluminescent protein͞ concentration of substrate will also be needed to better understand the differences between Fluc and Rluc. It is also important to note that C6 control cells implanted in mice show only background signal when mice were tail-vein or i.p. injected with coelenterazine. Control mice with no cells implanted and injected with coelenterazine also only show background signal. The background signal is due to various factors including low levels of light emitted from the mice even though there is no bioluminescent light, low levels of photons in the ''light-tight'' box, as well as noise from the CCD camera due in part to thermal drift.
Results from mice carrying both the C6-Rluc and C6-Fluc cells implanted s.c. show that the RL and FL signal can be distinguished by separate injections of D-luciferin and coelenterazine as was also seen in cell culture studies. Although the FL:Dluciferin signal was much higher, it must be noted that the amount of coelenterazine used was relatively low compared with D-luciferin to minimize costs. D-luciferin was purchased at a cost of $5͞mg and coelenterazine at a cost of $190͞mg. However, the effective cost per mouse study for D-luciferin was $15 (3 mg͞ mouse), and $19 for the highest dose of coelenterazine used (100 g͞mouse). With increasing use of coelenterazine it is likely that improved methods for its synthesis and demand will further reduce costs.
In mice carrying both C6-Rluc and C6-Fluc cells implanted s.c., which are injected simultaneously with D-luciferin and coelenterazine via tail-vein, distinct light kinetics from RL and FL are observed. Light from the C6-Rluc cells quickly peaks and is rapidly extinguished, whereas light from C6-Fluc cells peaks later and persists longer. The difference in light kinetics may allow separation of reporter protein signal through obtaining multiple images in the same mouse after co-injection with both D-luciferin and coelenterazine.
Several issues could have hindered the success of imaging Rluc expression with coelenterazine in living mice. These issues include instability of coelenterazine in plasma, insufficient delivery of coelenterazine to target sites, as well as insufficient bioluminescent light yield. Rluc may have some distinct advantages over Fluc that deserve specific mention. RL is a 36-kDa monomeric enzyme that catalyzes the oxidation of coelenterazine in presence of oxygen to generate a flash of blue luminescence with a wavelength centering at 482 nm. The oxidative decarboxylation of coelenterazine by RL in the presence of oxygen yields ''oxyluciferin'' CO 2 and blue light ( max ϭ 480 nm) in vitro (9) . The more commonly used FL is a 61-kDa singlesubunit protein that catalyzes D-luciferin to produce oxyluciferin in the presence of oxygen, cofactors, Mg ϩ2 , and ATP to give a flash of green light at 562 nm (21) . It should be noted that the two proteins RL and FL and the two substrates coelenterazine and D-luciferin are structurally unrelated. The RL-coelenterazine reaction is simpler compared with the FL-D-luciferin reaction (20) . RL has a significant advantage in that it does not need cofactors or ATP, and therefore Rluc is ideal because it likely causes less perturbation to the cells in which it is expressed. Also, the rapid light kinetics of RL in living mice may be quite useful in animal experiments where a quick signal is needed that does not persist over time. Future studies need to look at the half-life of Rluc mRNA and RL to better understand the ability to repetitively image changes in reporter gene expression. Furthermore, quantitative relationships between levels of Rluc mRNA, RL, coelenterazine delivery, and bioluminescence will also be useful for building fully quantitative assays.
The current study has not addressed the biodistribution of coelenterazine in mice. Previous studies with Fluc and Dluciferin have also not addressed the biodistribution of Dluciferin but have found through placing cells in various sites, using various gene delivery vectors, and transgenic models the high accessibility of D-luciferin to various tissues, including the brain. It is likely that coelenterazine will also be accessible to many tissues because of its diffusable nature (18) , but this will require further detailed investigation. We are currently pursuing biodistribution studies by attempting to radiolabel both coelenterazine and D-luciferin. It will be important to perform these studies with different doses of cold and radiolabeled substrate to study changes in biodistribution (if any). Furthermore potential differences in biodistribution between mice and rats will need to be studied. The current study has also not addressed any potential toxicities of repetitively using coelenterazine in living mice. We did not observe any direct toxicity in our mice studies, but formal toxicology studies will need to be performed. The stable expression of Rluc gene in C5 fibroblast has indirectly demonstrated the nontoxicity of the Rluc gene product in mammalian cells as reported (18) . Toxicology studies have also not yet been reported for D-luciferin, even though many published studies use this substrate in living rodents.
The use of Rluc in various paradigms in living subjects including gene delivery, cell trafficking, and transgenic models is becoming possible. Pending further kinetic, biodistribution, and toxicology studies, it should be feasible to use both Rluc and Fluc in numerous models in which two independent optical signals are desired for measurement of the location, magnitude, and persistence of expression of two different genes. Additional future studies with Rluc may be able to use mutants of RL that have significant wavelength differences from the wild-type, and synthetic versions of Rluc better optimized for efficient expression in mammalian cells. RL in combination with FL and its mutants may allow multiplexing approaches in which several molecular events can be simultaneously studied through the use of multiple reporter genes, each with proteins that have distinct signals due to wavelength, substrate specificity, or both.
